The Arf family of small GTP-binding and -hydrolyzing proteins are some of the most important intracellular regulators of membrane dynamics. In this study, we identified the Golgi-localized Arf family G protein Arf1 in Candida albicans and confirmed its conserved function in regulating the secretory pathway. Interestingly, deletion of ARF1 resulted in intracellular reactive oxygen species (ROS) accumulation, and induced formation of the endoplasmic reticulum (ER)-mitochondria encounter structure (ERMES). Moreover, N-acetylcysteine-mediated ROS scavenging in the arf1D/D strain attenuated ERMES formation, indicating that intracellular ROS accumulation resulting from ARF1 deletion facilitated ERMES formation. In addition, Arf1 regulated many key physiological processes in C. albicans, including cell cycle progression, morphogenesis and virulence. This study uncovers a role for Arf family G proteins in regulating ERMES formation and sheds new light on the crucial contribution of ROS to membrane dynamics.
Introduction
The endoplasmic reticulum (ER)-mitochondria encounter structure (ERMES) is a complex tethering the two organelles and facilitating communication between them [1] [2] [3] [4] . In yeast, the Mmm1-Mdm10-Mdm12-Mdm34 complex is the core component of ERMES. Fluorescence from Mmm1-Mdm10-Mdm12-Mdm34 in fusion with fluorescent proteins can be used to locate this structure [5] . ERMES is essential for exchange of phospholipids, proteins and ions between organelles and plays an important role in mitophagy [1, 2] . Loss of ERMES may result in disturbance of lipid metabolism and ion homeostasis, and lead to a defect in mitophagic degradation [6] [7] [8] . Mitochondrial proliferation could effectively induce ERMES formation [9] , but the mechanisms by which cells regulate ERMES formation remain to be investigated.
The members of the Arf family of G proteins are key regulators of intracellular membrane dynamics and are ubiquitous in eukaryotic organisms. These small GTPase proteins act as molecular switches that cycle between two conformational states: the inactive GDP-bound state and the active GTP-bound state [10, 11] . This switch requires activation by guanine nucleotide exchange factors (GEFs) and GTPase-activating proteins (GAPs), or alternatively, GEFs mediate the exchange of GDP for GTP and GAPs facilitate the hydrolysis of GTP and inactivate the switch [12] . G proteins usually contain the typical GTPase domain comprising the GTP binding site, the GEF interaction site, the GAP interaction site and the effector interaction site. Distinguishing them from other Ras superfamily G proteins (i.e. Ras, Rho and Rab proteins), the Arf family G proteins undergo a conformational change that brings them into close contact with the membrane by an N-terminal amphipathic helix [11, 13] . Saccharomyces cerevisiae has three Arfs, Arf1, Arf2 and Arf3. Arf1 and Arf2 share 96% identity and the level of Arf1 is significantly higher than that of Arf2, indicating a difference in functional importance [14] . Arf1 is required for budding of COPI-coated vesicles from the Golgi membrane and for many other intracellular trafficking steps. Besides the conserved function of Arf1 in Golgi-dependent secretion, recent studies have revealed that Arf1 is also required for maintenance of mitochondrial morphology and function [15, 16] . In S. cerevisiae, Arf1 is found in the mitochondrial fraction and interacts genetically with the ERMES component Gem1, suggesting that Arf1 participates in the formation of ERMES. Aberrant clusters of the mitofusin Fzo1 in the arf1-11 mutant can be resolved by overexpression of Cdc48, an AAA-ATPase involved in ER-and mitochondrion-associated degradation processes [15] . However, the detailed function of Arf1 in regulation of ERMES remains unknown.
Candida albicans is one of the most important fungal pathogens in humans. It can lead to superficial and invasive infections in immunocompromised individuals [17] . Reactive oxygen species (ROS) derived from macrophages and neutrophils are the most frequent threat to C. albicans. As a result, this pathogen has evolved complicated oxidative stress response (OSR) mechanisms to cope with ROS (i.e. superoxide radicals and hydrogen peroxide), including up-regulating expression of oxidative scavenging enzymes, rearranging intracellular organelles and reducing metabolic rate [18, 19] . Therefore, comprehensive investigation of OSR mechanisms is of significance for treatment of systemic infections of C. albicans. The aim of this study was to investigate the role of Arf1 in the fungal pathogen C. albicans, and to explore the mechanism by which Arf1 regulates ERMES formation. Herein, we uncover the diverse functions of Arf1 in this pathogen, including OSR, ERMES regulation, morphogenesis and pathogenicity. More importantly, we further reveal that this G protein regulates formation of ERMES in a ROS-dependent manner. This study implies a critical role of ROS in regulation of membrane dynamics.
Results
Candida albicans Arf1 is a Golgi-associated G protein required for protein secretion
The S. cerevisiae ScArf1 is one of the most important Arf family G proteins and has been implicated in intracellular membrane trafficking [20] . In C. albicans five important small G proteins (i.e. Arf1, Arf2, Arf3, Arl1 and Arl3) were identified [21] . Arf1, which is encoded by orf19.6447, is the homolog of ScArf1 in this pathogen. The online NCBI BLASTP software (https://www.ncbi.nlm.nih.gov/Structure/cdd/docs/cdd_ search.html) revealed that Arf1, encoded by ARF1, contains the conserved GTPase domain (Fig. 1A) , displaying the typical GTP binding site, GEF interaction site, GAP interaction site and effector interaction site, suggesting conserved properties of Arf superfamily proteins in eukaryotic cells. To confirm the intracellular localization of Arf1, we constructed a fusion expression structure of ARF1 open reading frame (ORF) and the GFP fragment that was controlled by the ACT1 promoter. Fluorescence microscopy revealed that abundant Arf1-GFP punctae (>85%) were colocalized with the late Golgi marker Sec7-red fluorescent protein (RFP) in wild-type cells (n > 100 cells), and some punctae were not colocalized (Fig. 1B) . This indicated that Arf1 is mainly localized at the late Golgi, although other Arf1 molecules were localized at unknown organelles. To further investigate the function of Arf1 in protein secretion, we constructed an arf1D/D mutant and the reconstituted strain arf1D/ D+ARF1, and then detected the protease secretion ability by a BSA degradation assay. A hydrolytic halo analysis on BSA solid indicated that deletion of ARF1 led to a significant decrease of the halo area (Fig. 1C) , suggesting serious attenuation of the protease secretion ability in the mutant. To exclude the possibility that this attenuation of protease secretion might result from a growth defect of arf1D/D on the plate, we reanalyzed the protein secretion ability with the liquid BSA culture method. The result showed that arf1D/D displayed no obvious degradation of BSA within 8 h (Fig. 1D) . When the culture time was elongated to 30 h, there just appeared a shallow degradation band (Fig. 1D) . The ratio between the degradation percentage and the biomass (indicated by D 600 ) suggested that arf1D/D indeed has a secretion defect because the average degradation ability of arf1D/D is much lower than that of the wild-type independent of longer culture time (Fig. 1E) . To further determine whether the secretion defect in the mutant was associated with intracellular membrane traffic, we examined the effect of ARF1 deletion on trafficking of Snc2-GFP, an exocytic v-SNARE indicating Golgi-to-plasma membrane transport [22] . In both the wild-type and reconstituted cells, Snc2-GFP was mainly localized at the plasma membrane at the growth tip with some internal punctates. In contrast, Snc2-GFP was partly shifted to intracellular compartments in the arf1D/D cells (Fig. 1F , as indicated by the white arrows), indicating that Arf1-dependent protease secretion is closely related to the membrane traffic via v-SNAREmediated vesicle transport. Together, these results suggested that C. albicans Arf1 is a conserved Golgi-associated Arf family G protein that is required for intracellular membrane traffic.
Disruption of ARF1 resulted in increased intracellular ROS levels
There is evidence that small G proteins are associated with oxidative stress tolerance [23] . Given the significance of oxidative stress tolerance in the pathogenicity of C. albicans, we investigated the possible role of Arf1 in oxidative stress tolerance. Sensitivity analysis showed that arf1D/D displayed hypersensitivity to exogenous oxidative stress (4 mM H 2 O 2 ) ( Fig. 2A,B) . The hypersensitivity to oxidative stress is commonly associated with increased levels of intracellular ROS and reduced contents of the antioxidant component glutathione (GSH) [24, 25] . As expected, the arf1D/D cells had higher ROS levels but lower GSH content than the wild-type cells after addition of H 2 O 2 ( Fig. 2C,D) . Interestingly, even in the H 2 O 2 -free medium, the mutant had much higher (14-fold higher) ROS levels than the control cells (Fig. 2C) . These results indicated that Arf1 is not only required for C. albicans cells to survive in exogenous oxidative stress, but also plays a critical role in removal of endogenous ROS for maintenance of redox homeostasis.
It is known that C. albicans secretes superoxide dismutases (SODs) to detoxify extracellular ROS. We further measured the activity of secreted SODs in the strains expressing recombinant SOD5 (SOD5-170) and SOD4 (SOD4-170) under the control of the constitutive strong ACT1 promoter, both of which lacked the C-terminal cell wall anchor and could be secreted into the medium rather than be covalently conjugated to the cell wall. While the wild-type strain showed a remarkable increase of the activity of secreted SOD, the arf1D/D mutant had no obvious increase (Fig. 2E ). This observation is consistent with the result of BSA degradation (Fig. 1C ,D,E), confirming that the mutant had a defect in protein secretion. Reduced SOD secretion in the mutant could result in an increase in damage to cellular membranes by ROS and therefore an elevated uptake of ROS resulting in high levels of intracellular ROS. Hence, the decreased SOD secretion may be involved in the increased sensitivity of the mutant to extracellular H 2 O 2 .
Deletion of ARF1 induces ERMES formation
Previous reports have demonstrated that loss of ARF1 impaired mitochondrial morphology in mammalian and yeast cells [5, 15] . Herein, we observed mitochondrial morphology in the arf1D/D cells with MitoTracker Red staining. In wild-type cells, the mitochondria displayed a continuously tubular network, single or branching. In contrast, the arf1D/D cells exhibited interrupted continuity of the MitoTracker signal, indicating mitochondrial fragmentation (Fig. 3A) , suggesting that Arf1 is responsible for maintaining mitochondrial morphology. We observed the ER morphology with the Sec61-GFP fusion protein.
The ER of the mutant, as compared with that of the wild-type, almost lost its typically cortical and nuclear distribution, and was randomly distributed between the plasma membrane and the nucleus (Fig. 3A) , suggesting that Arf1 is also required for maintaining ER homeostasis. More strikingly, the overlapping of the MitoTracker Red fluorescence with the Sec61-GFP fluorescence revealed a remarkable increase of ERMES in the mutant (Fig. 3A , as indicated by the white arrows). Mmm1-GFP dots, another indicator of ERMES [5] , were further observed in both of the strains. While the wild-type had a whole-cell distribution of Mmm1-GFP, the mutant exhibited abundant Mmm1-GFP dots, confirming the enhancement of ERMES formation (Fig. 3B) . Together, deletion of ARF1 had a great impact on the morphology of both the mitochondria and the ER, and induced ERMES formation.
ERMES induced by deletion of ARF1 is distinguished from that triggered by respiratory growth
In S. cerevisiae, ERMES can be triggered during respiratory growth with non-fermentative carbon sources (i.e. glycerol, ethanol) due to strong mitochondrial proliferation [5, 9] . To investigate whether the increased ERMES formation in the arf1D/D mutant is also triggered by respiratory growth, ERMES formation was further examined in YPEG medium containing the non-fermentative glycerol and ethanol as sole carbon sources. As expected, the wild-type displayed significant increase of ERMES, which was indicated by increased sites of mitochondrion-ER overlap (Fig. 4A , depicted by white arrows) and increased dots of Mmm1-GFP (Fig. 4B,C) . This suggested that respiratory growth also induces ERMES formation in C. albicans. However, the arf1D/D mutant did not exhibit increased ERMES (also indicated by the overlapping sites and the Mmm1-GFP dots) in YPEG medium (Fig. 4A,B,C) . This suggested that the mutant had a defect in ERMES formation in responding to the respiratory growth. Therefore, the enhanced ERMES formation in the mutant was not attributable to the induction of respiratory growth.
vCLAMPs and expression of ERMES components are not involved in enhancement of ERMES in arf1D/D It is well known that mutations of the essential secretory pathway proteins affect mitochondrial morphology [26] , and disruption of the mitochondrion and vacuole contact sites (vCLAMPs) affects ERMES-GFP puncta [27] . To investigate whether vCLAMPs were involved in ERMES formation, we analyzed the formation of vCLAMPs in both the wild-type and arf1D/D with the vacuolar marker Yvc1-GFP and the mitochondrial marker MitoTracker Red. The results imply that there is no obvious difference in vCLAMP formation between the two strains ( Fig. 5A) , excluding a contribution of vCLAMPs to formation of ERMES in arf1D/D.
Some of the ERMES components may be localized on the membrane of the ER or mitochondria. For example, in S. cerevisiae, Mmm1 is mainly localized at the ER and Mdm10 and Mdm34 are mainly localized at mitochondria. We therefore performed western blotting with both the cytoplasmic and membrane proteins. The results showed that Mdm12 only is the cytoplasmic protein since there was hardly any blot signal for the other three proteins in the cytoplasm (Fig. 5B) . Meanwhile, the immunoblot assay with the ER and mitochondrial crude extracts indicated that Mmm1 is an ER protein, while Mdm10 and Mdm34 are mitochondria proteins (Fig. 5C) . However, the levels of the ERMES components did not display any increase in the arf1D/D mutant (Fig. 5B,C) . Thus we concluded that the higher number of ERMES puncta in the arf1D/D mutant is the result of clustering of ERMES components without change of these protein levels.
Accumulation of endogenous ROS is responsible for ERMES formation in arf1D/D
Allowing that the arf1D/D mutant showed both significant ROS accumulation and enhanced ERMES formation under the normal growth condition, we wondered whether there was a link between ROS accumulation and ERMES formation. Therefore, we added into the YPD medium the ROS scavenger N-acetylcysteine (NAC), which could severely reduce intracellular ROS levels of arf1D/D (Fig. 6A) , and then observed ERMES formation. Notably, addition of NAC remarkably attenuated ERMES formation in the mutant in a time-dependent manner ( Fig. 6B-D) . Especially, NAC almost fully diminished the ERMES after 60 min of addition (Fig. 6B-D) . This indicated that high levels of ROS are essential for induction of ERMES formation in arf1D/D.
To determine whether high levels of ROS alone could induce ERMES formation, we used H 2 O 2 to treat wild-type cells and observed whether the increase in ERMES formation occurred in the wild-type background. Although exogenous H 2 O 2 caused an increase in intracellular ROS levels (Fig. 6E) , ERMES formation did not increase in wild-type cells (Fig. 6F-H) . Therefore, both deletion of ARF1 and ROS accumulation are required for ERMES formation.
Deletion of ARF1 resulted in growth arrest and defective morphogenesis
The other physiological functions of Arf1 were further investigated. We found that the arf1D/D strain exhibited a much rounder cell morphology compared with the wild-type and reconstituted cells, which are elliptical with an apparent long axis (Fig. 7A,B) . Moreover, arf1D/D displayed a much slower growth rate in liquid YPD medium (Fig. 7C) , and underwent serious cell cycle arrest at the G2 phase compared with the control strains (Fig. 7D) . Therefore, Arf1 is an important factor regulating the cell shape and cell cycle progression.
As C. albicans is a dimorphic pathogenic fungus, morphogenetic switching from yeasts to hyphae is critical for its invasion of host tissues [28, 29] . Labbaoui et al. [21] have reported that deletion of ARF1 in this pathogen had no impact on hyphal development under the serum-inducing condition. Interestingly, we found that the mutant showed attenuated filamentation on hypha-inducing plates, including RPMI-1640, M199, N-acetylcysteine (NAG) and Spider (Fig. 8A) , and failed to form hyphae in the liquid RPMI-1640 medium (Fig. 8B) . These results suggested that Arf1 is also responsible for morphogenetic switching under certain hypha-inducing conditions.
Arf1 is required for the virulence of C. albicans
Given that Arf1 has multiple functions in C. albicans, we supposed that deletion of ARF1 may have an impact on the virulence of this pathogen. To verify this, the ability of the arf1D/D mutant to damage the macrophages was determined. After coincubation of the fungal cells with macrophages for 1.5 h, both the wild-type and reconstituted strains caused cell death in almost 50% of macrophages, while the mutant alone caused cell death in 18% of macrophages (Fig. 9A,B) . This indicated that deletion of ARF1 severely attenuated the ability of C. albicans to damage macrophages.
Furthermore, we investigated the ability of the strains to systematically infect the host. The results showed that the arf1D/D group had a significantly higher survival rate than the wild-type and reconstituted groups. All of the mice injected with the control strains died after 11 days of inoculation, whereas 50% of mice injected with the mutant survived even after 15 days (Fig. 9C) . Histopathological observation further revealed that the kidneys of the wild-type and reconstituted groups suffered from severe hyphal invasion (Fig. 9D , as indicated by red arrows) and obvious inflammatory areas (IA), while those of the arf1D/D group only displayed slight inflammation without hyphal invasion (Fig. 9D) . Also, the kidneys of the arf1D/D group had significantly decreased fungal burdens compared with those of the control groups (Fig. 9E) . Taken together, deletion of ARF1 severely attenuated the virulence of C. albicans, indicating that Arf1 is required for the virulence of this pathogen.
Discussion
In our study, we characterized the Arf family G protein Arf1 in C. albicans and found that its loss affected numerous cellular processes, such as secretion of proteins, maintenance of redox homeostasis, ERMES formation, cell cycle progression, morphogenetic switching and pathogenicity. Especially, we found that Arf1 regulates ERMES dynamics, which is dependent on intracellular ROS levels. Deletion of ARF1 results in an increase of ROS levels and leads to the unconventional formation of ERMES All of these results highlighted the powerful and unrevealed functions of the Arf family G proteins, inviting further exploration.
The ERMES is a well-characterized complex that tethers the ER to the outer membrane of mitochondria [5, 30] . In yeast, this complex has been identified and includes the ER protein Mmm1, the mitochondrial outer membrane proteins Mdm10 and Mdm34, and the cytosolic protein Mdm12. Deletion of their encoding genes leads to a defect in ERMES formation, followed by altered mitochondrial morphology and growth arrest with a respiratory carbon source, suggesting the important role of ERMES in mitochondrial functions [4, 5, 9] . Moreover, ERMES can be induced by respiratory carbon sources owing to enhanced proliferation of the mitochondria [4] . These observations suggest the significance of mitochondrial dynamics. In this study, we found that deletion of ARF1 enhanced ERMES formation. Moreover, ROS accumulation is indispensable for ERMES formation in arf1D/D, whereas the respiratory carbon source could not induce ERMES formation in this mutant. These results indicated that Arf1 is a negative regulator of ERMES formation, and this regulation is dependent on intracellular redox homeostasis rather than on respiration growth-associated mitochondrial proliferation.
As demonstrated above, deletion of ARF1 led to high levels of intracellular ROS. Given that the mitochondria exhibited abnormal morphology in the mutant, and the activity of succinodehydrogenase, which directly reflects mitochondrial function, is much lower in the mutant than in the wild-type strain (data not shown), mitochondrial function may be severely impaired by deletion of ARF1. This impairment might result in ROS production, since there is evidence that damaged mitochondria are an important source of intracellular ROS [31] . We could not exclude the possibility that part of the ROS was derived from the disturbed ER. Recently, we have reported that ER stress caused by cell wall damage may induce Ero-dependent production of ROS [32] . Herein, we observed morphological change of the ER in the mutant, implying that ER function might also be impaired by deletion of ARF1, which might further result in ER stress and consequent ROS production.
In this study, we confirmed the functional conservation of Arf1 in the secretory pathway, which was customarily attributed to disturbed Golgi function in the formation of coated vesicles during intracellular trafficking [33, 34] . It is well known that deliberate secretion of cellular materials (i.e. extracellular enzymes, cell wall precursors, cell surface receptors) is of significance for nutrient uptake, morphogenetic switching and environmental adaption in C. albicans. Deletion of ARF1 impaired intracellular trafficking and secretion of cellular material, which might further contribute to phenotypes of the mutant that include hypersensitivity to oxidative stress, cell cycle arrest, failure of morphogenetic switching and attenuation of virulence.
Although we have uncovered a close relationship between the Arf1-regulated redox homeostasis and ERMES formation, there must be other mechanisms by which Arf1 regulates the formation of this structure, since high levels of ROS alone could not induce ERMES formation in the wild-type. As the essential inducer, ROS is just one of the essential downstream effectors of Arf1 during ERMES induction. Other, undiscovered factors remain to be investigated. We expect more downstream effectors to be identified for elucidation of the G protein-governed network that regulates ERMES formation. One possible mechanism is that Arf1 may regulate ERMES formation by controlling phospholipid homeostasis. It is reported that ARF family G proteins are involved in phospholipid homeostasis [11] , which may affect the morphology of the ER and the mitochondria and further regulate ERMES formation.
In conclusion, we reveal that an Arf family G protein is a negative regulator of ERMES formation, and its regulatory role is dependent on the intracellular ROS levels. Moreover, this protein is involved in abundant physiological processes in the pathogen C. albicans, including regulation of mitochondrial morphology, stress tolerance, cell cycle progression, morphogenesis and virulence.
Materials and methods

Strains and growth conditions
The C. albicans strains used in this study are listed in Table S1 . BWP17 was used as parental strain for gene disruption and the wild-type strain in subsequent studies [35] . Cells were routinely grown at 30°C in YPD medium (1% yeast extract, 2% peptone, 2% glucose), YPEG medium (1% yeast extract, 2% peptone, 3% ethanol, 3% glycerol), synthetic complete (SC) medium (0.67% yeast nitrogen base without amino acids, 2% glucose, 0.2% complete amino acid mixture) (adding 80 gÁmL À1 uridine) and synthetic drop-out (SD) medium (SC medium without certain ingredients). To obtain the homozygous strain without the URA3 gene, the SD medium supplemented with 0.1% 5-fluoroorotic acid was used for counter-selecting. RPMI-1640 (Life Technologies, Carlsbad, CA, USA), M199 (Life Technologies), Spider and NAG media were used for filamentous growth assays. For dot assay experiments, different concentrations of H 2 O 2 were added to YPD medium as needed.
Plasmids and strains construction
Plasmids used in this study are listed in Table S1 and primers are listed in Table S2 . For generating the reconstituted plasmid pARF1-HIS1, the ARF1 complementary fragment, which was composed of the promoter (203 bp), the ORF (540 bp) and the terminator (164 bp), was amplified by ARF1-5com and ARF1-3com, digested with EcoRI and ClaI and recombined into the plasmid pDDB78. For generating the Arf1-localization plasmid pARF1-GFP, the PCR-obtained ARF1 ORF fragment, amplified by ARF1-5GFP and ARF1-3GFP, was fused with the GFP fragment from pGFP-NAT [36] , then the fusion was digested by XhoI/BamHI and inserted into pAU34M, obtaining the plasmid pARF1-GFP. The ER marker plasmid pSEC61-GFP was constructed with the same method. The Golgi marker plasmid pSEC7-RFP was constructed as follows. The promoter and ORF of SEC7 were cloned from the genome of C. albicans, and then fused with the RFP fragment from the plasmid pRFP-NAT [36] . The obtained fusion fragment was finally inserted into pDDB78, generating pSEC7-RFP.
The ARF1-disrupted mutant arf1D/D was constructed as follows. Firstly, the arf1::ARG4 cassette was amplified from pRS-ARG4DSpeI with the deletion primers ARF1-5DR and ARF1-3DR and transformed into BWP17 to obtain the heterozygous mutant arf1D/ARF1. The obtained heterozygous mutant was transformed with the arf1:: URA3-dpl200 cassette, generating the homozygous strain arf1D/D(URA3 + ). The strains were confirmed with the detection primers ARF1-5det and ARF1-3det. To obtain the homozygous strain without the URA3 selectable marker, arf1D/ARF1 (URA3 + ) was streaked on the SD medium containing 5-fluoroorotic acid to obtain the homozygous strain arf1D/D for further study. To construct the ARF1-reconstituted strain arf1D/D+ARF1, arf1D/D was transformed with the NruI-digested pDDB78-ARF1. To effectively observe the ER or vacuolar localization, the plasmid pSEC61-GFP or pYVC1-GFP was transformed into the wild-type and arf1D/D.
To detect the secretion ability of SODs (mainly Sod5 and Sod4), the plasmid pSOD5-170-SOD4-170 was constructed, which expresses the truncated proteins Sod5-170 and Sod4-170. Firstly, the strong ACT1 promoter was fused with the truncated SOD5 gene (1-510 bp) or with the truncated SOD4 gene (1-510 bp) by the PCR method, obtaining P ACT1 -SOD5-170 and P ACT1 -SOD4-170, respectively. Both fragments were then cloned into the pAu34M plasmid, generating the plasmid pSOD5-170-SOD4-170. Both Sod5-170 and Sod4-170 lacked the C-terminal cell wall glycosylphosphatidylinositol anchor and hence could be secreted into the medium for further SOD analysis [37] . The plasmid was then transformed into both the wild-type and arf1D/D strains.
Secretion assays
Extracellular protease secretion was detected with Crandoll's method [38] . For the BSA degradation halo analysis, the overnight cultured cells were suspended in PBS buffer with a A 600 of 0.2, dotted on BSA plates (1% glucose, 1% BSA, 0.1% trace element solution, 0.1% vitamin solution, 100 lgÁmL À1 histidine, 100 lgÁmL À1 arginine, 100 lgÁmL À1 uridine, 2% agar).
For the liquid BSA degradation assay, the overnight cultured cells were transferred into BSA liquid medium and cultured for 8 or 30 h. The cultures were centrifuged, and the supernatant was used for SDS/PAGE and Coomassie blue staining.
Cell cycle measurement
The cell cycle was examined by DNA content analysis. Briefly, the overnight cultured cells were collected, washed and resuspended in 75% ethanol for 24 h. The suspensions were collected, resuspended in 50 mM sodium citrate solution (pH 7.4) with addition of 0.5 lgÁmL À1 RNase and incubated at 37°C for 2 h. Then the cells were collected, 
Susceptibility assay
The cells were overnight cultured in YPD medium, collected and resuspended in fresh YPD medium to an initial A 600 of 0.1. The culture was shaken at 30°C for 4 h to the log-phase, re-collected, washed and resuspended in PBS with D 600 of 0.2. The suspensions were then adjusted to a D 600 of 0.2 with sterile water, gradiently diluted with a proportion of 1 : 10 and dotted onto the YPD plates containing 2 or 4 mM H 2 O 2 . The plates were cultured at 30°C for 2 days and photographed.
Intracellular ROS measurement
Intracellular ROS was detected using the oxidant-sensitive agent 2 0 ,7
Louis, MO, USA) [32] . This was added (at final concentration 10 lgÁmL À1 ) to the prepared cell culture for staining (30°C, 40 min). The stained cells were washed twice with PBS, and the fluorescence density (FLU, excitation wavelength 488 nm, emission wavelength 520 nm) was detected by a fluorescence microplate reader (Perkin Elmer, Waltham, MA, USA). Cells were also counted using a spectrophotometer with D 600 . The relative fluorescence density of each sample was calculated as FLU divided by D 600 to evaluate intracellular ROS levels.
GSH analysis
The total protein extracts of fungal cells were prepared as follows. The well-cultured fungal cells were washed twice with PBS, suspended in 50 mM Tris/HCl (pH 7.5) containing 1 mM PMSF, and then blocked with glass beads. The lysates were centrifuged, obtaining the total protein extracts. GSH content was determined by a GSH Assay Kit (Jiancheng Bioengineering Institute, Nanjing, China).
Extracellular SOD analysis
The strains expressing both Sod5-170 and Sod4-170 were cultured in liquid YPD medium with or without 2 mM H 2 O 2 . The cultures were then centrifuged, and the supernatants were concentrated from the equivalent of 1 9 10 9 cellsÁmL À1 . The activity of SOD in the solutions was assessed using the SOD assay kit (Nanjing Jiancheng Bioengineering Institute).
Fluorescence microscopy
Fungal cells were grown overnight to the stable phase in YPD medium, then transferred into different medium, and cultured for several hours as needed. The cells were observed with a fluorescence microscope (DM3000, Leica, Wetzlar, Germany). Excitation of GFP and RFP was achieved using 488-nm and 568-nm lasers, respectively. Over 100 cells were examined for each condition, and three independent experiments were used to calculate the SD.
Protein extraction and western blotting
Cells were collected and lysed with glass beads in the presence of protease inhibitors. Protein in the cytoplasm and the different organelles (i.e. the mitochondria and ER) were separated by differential centrifugation as described previously [39]. To determine the expression level of ERMES components, the isolated protein solutions were separated by SDS/ PAGE, and then transferred into polyvinylidene difluoride membrane. The required proteins were detected by corresponding antibodies, i.e. anti-HA monoantibody (SigmaAldrich), anti-Dpm1 antibody (for detection of the ER-localized protein Dpm1, Sigma-Aldrich), anti-porin antibody (for the mitochondrion-localized protein porin, SigmaAldrich) and anti-a-tubulin antibody (for the cytoplasmic protein tubulin, Novus Biologicals, Littleton, CO, USA).
Hyphal induction
RPMI-1640, M199, Spider and NAG solid media were used for solid induction of morphogenetic switching. The overnight cultured strains were diluted in sterile water to a D 600 of 0.5, then dotted on the corresponding plates and cultured 4-5 days at 37°C. RPMI-1640 was used for liquid induction of morphogenetic switching. The strains were cultured to log-phase, collected, washed and resuspended in sterile water to a A 600 of 0.05. Then the culture was shaken at 37°C for 2 or 4 h and collected for microscopic observation.
Interaction with macrophages
The mouse macrophage line RAW264.7 was obtained from the Cell Resource Center, China Academy of Medical Science, Beijing, China. The macrophages were cultured in DMEM supplemented with 10% FBS in 24-well flat-bottom polystyrene plates in a humidified incubator at 37°C in 5% CO 2 for 2 days. Cell monolayers in each well were washed twice with PBS, incubated with 5 9 10 5 log-phase fungal cells in 500 lL of the macrophage culture medium and incubated at 37°C. After 1.5 h of coincubation, the supernatant was removed, and the macrophages were stained with PI (final concentration 10 lgÁmL
À1
), and observed by the fluorescence microscope (DM3000, Leica) with a TRIT-C/Texas red filter set. PI-positive (damaged) and total macrophages were counted, and the percentage of damaged macrophages was calculated as the number of PIpositive macrophages.
Infection assays in vivo
Overnight cultured C. albicans cells, including the wildtype, mutant and reconstituted strains, were washed twice and resuspended in 0.9% (w/v) normal saline with a density of 5 9 10 6 cellsÁmL À1 , and injected in a volume of 100 lL into lateral tail veins of ICR female mice (18-20 g, 3-4 weeks old). Each group was monitored over 20 days and the survival rate of mice was recorded. For determining the fungal burden of mouse kidneys, three mice of every group were humanely sacrificed after 6 days. The kidneys were then homogenized and the fungal burden was determined by plating the dilution on YPD agar plates. The survival curves and fungal burden of kidneys were both analyzed by SPSS Statistics Version 20.0 (IBM Corp., Armonk, NY, USA). For histopathological analysis, kidneys from the sacrificed mice were fixed in 4% formaldehyde, then embedded in liquid paraffin, sliced and stained with periodic acid-Schiff staining [40] . Then slices were observed with a light microscope (BX51, Olympus, Tokyo, Japan).
Ethics statement
All animal experiments were approved by the Animal Care and Use Committee at Nankai University. All mice used in this study had free access to food and water throughout the research. At the end of the trial period, the mice were humanely sacrificed via carbon dioxide euthanasia, and all efforts were made to minimize their suffering.
Statistical analysis
Each experiment was performed with at least three replicates, and the values represent the means AE standard deviation of three experiments. Significant differences between the treatments were determined using one-way ANOVA (P < 0.05). All statistical analyses were performed using SPSS, version 20.0. 
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